ABSTRACT Liquid metal (LM) micro-droplets have been widely used in microfluidics, drug-loaded nano-system and micro-nano machine due to its excellent properties. However, there still exist difficulties in succinctly dispersing a bulk of LM into micro-droplets due to the large interfacial tension. Besides, the controllable switching between droplet dispersion and reunion is yet to be realized. Herein, a practical and efficient method for dispersing LM was proposed and the controllable switching between dispersion and reunion of LM droplets was achieved. LM micro-droplets were produced by vibrating the LM immersed in a mixture of N,N-dimethylformamide (DMF) and polyvinyl chloride (PVC). The experimental results show that the size distribution of LM micro-droplets could be tuned by controlling the vibration frequency. More intriguingly, the dispersion and reunion of LM droplets can be switched intelligently through tuning the vibration frequency and amplitude. Furthermore, optical properties of the LM micro-droplet coating were evaluated to display potential applications. A self-driven motion of PVCcoated LM could be achieved by utilizing the produced LM micro-droplets based on the Marangoni effect, which holds promising value for developing future transport tool of LM droplets. The present work suggests an entirely feasible method for dispersing and utilizing LM droplets, which is of great significance for promoting the development of LM micro-droplet science and technology.
INTRODUCTION
Room temperature liquid metals (LMs) represented by Ga-based alloys, such as EGaIn (Ga 75. 5 In 24.5 ) and Galinstan (Ga 68. 5 In 21.5 Sn 10 ), feature many useful properties including low melting point, high electrical and thermal conductivity, large interfacial tension, negligible vapor pressure and low viscosity [1] [2] [3] . Therefore, they have attracted intense attention in the areas of flexible electronics and sensors [4] [5] [6] [7] , thermal management [8] [9] [10] , 3D printing [11, 12] , microfluidics [13] [14] [15] , drug-loaded nano-systems and micro-nano machines [16] [17] [18] . With the wide application and growing demand of LM microdroplets, the method for dispersing LM into micro-droplets has gained much attention and got some progress.
Several methods have been developed for producing LM micro-droplets including electric field [19] [20] [21] , sonication [22, 23] , pneumatic dispersion [24] and flow-focusing [25, 26] , etc. However, there exist disadvantages more or less among them. For example, the dispersed LM micro-droplets are easily reunited when they contact each other in the case of electric field. Besides, some methods are limited to producing large sphere diameters (≥100 μm) and the mass production of such micro-droplets would be time-consuming (sonication). As for the method of microfluidic flow-focusing and pneumatic dispersion, the system for producing micro-droplets is usually rather complex and huge, which is not portable and versatile. Therefore, succinctly dispersing LM into micro-droplets with portable equipment and practicable method plays a crucial role in the application of LM micro-droplets. On the other hand, previous studies focused more on how to disperse LM than the reunion of LM droplets. There is no doubt that the switch between dispersion and reunion of LM is also important for many applications.
In this work, a simple and efficient method for producing the micro-droplets with controlled size was proposed. A large number of LM micro-droplets were generated by vibrating the bulk LM in a mixed solution of N,N-dimethylformamide (DMF) and polyvinyl chloride (PVC) and the controlled size distribution was realized by tuning the vibration frequency. Besides, controllable switching between the dispersion and the reunion of LM droplets was achieved by controlling the vibration frequency and amplitude. Such controllable switching between dispersion and reunion of LM droplets is expected to be applied in many potential areas, such as deformable soft machine. Based on the LM micro-droplets produced in this method, two potential applications of LM microdroplets were demonstrated. LM coating, which was manufactured by utilizing the LM micro-droplets, shows excellent optical properties. Besides, the self-driven motion of the PVC-coated LM droplets was successfully implemented, which opens up a new strategy for transporting LM droplets.
EXPERIMENTAL SECTION
Over the current experiments, the LM used was Ga 67 In 21 Sn 12 , which was prepared by stirring and heating gallium (Ga, 67 wt%, 99.99% purity), indium (In, 21 wt%, 99.99% purity) and tin (Sn, 12 wt%, 99.99% purity) together at 150°C for 2 h until metal alloy was formed. The solution was prepared by dissolving 2 g PVC (average polymerization degree was around 300) powder in 50 mL DMF solution. DMF and PVC were purchased from Beijing Lan Yi Chemical Products Co., Ltd. (Beijing, China). For the experiment of the self-driven motion of PVC-coated LM droplets, the produced LM droplets were dripped on water surface in a glass petri dish, and the imaging data and the infrared images of the self-driven motion were recorded by the Sony Digital Video (FDR-AX40) and the far-infrared thermograph imaging system (FLIR SC620, FLIR Systems Inc, USA), respectively. The micromorphology of the LM micro-droplets was observed by means of scanning electron microscopy (SEM; S-4800, Hitachi, Ltd.). The absorbance and the reflectivity of LM micro-droplets were measured by UV-visible nearinfrared spectrophotometer (Cary 7000).
RESULTS AND DISCUSSION
DMF is a common solvent with high boiling point, low freezing point, excellent chemical stability and thermal stability. Besides, it was proven to have extraordinary effect in dispersing a bulk of LM. Here, PVC was added to DMF for adjusting the viscosity of DMF to achieve better dispersion. Therefore, a bulk of LM can be broken into micro-droplets by vibrating the LM immersed in the PVC modified DMF solution in a beaker.
Distinctive from the traditional method, the PVC modified DMF solvent can achieve not only droplet dispersion, but also droplet reunion (Fig. 1) . The key factor behind is the vibration frequency and amplitude. The dispersion of LM droplets occurred under low frequency and high amplitude of vibration. Conversely, the reunion of LM droplets took place under high frequency and low amplitude ( Fig. 1a and b) , which only took milliseconds ( Fig. 1c) . More importantly, the dispersed droplets can remain stable for a long time (>50 h), unless high frequency and low amplitude vibrations are exerted on it, which shows the reliability of the method for dispersing LM. Such features are expected to be applied in many potential areas, such as deformable soft machine. Facing the narrow passage, LM soft machine can disperse into numerous micro-droplets to pass the narrow passage and then reunite into a complete LM soft machine.
Experimental results show that the dispersed LM droplets gradually decrease in size as the vibration time increases and the LM droplets can be dispersed into 100 nm eventually ( Fig. 2a-d) . The dispersed micro-droplets do not reunite under this condition because they are well separated by the PVC modified DMF solvent. Here, the organic solvent acting as surfactant plays a crucial role. Since the LM droplets possess a large specific surface area and a high surface energy, they are easily agglomerated. In practical applications, surfactants are usually added as dispersants to change the surface properties of the microdroplets for improving their dispersion. Here, the modified DMF solution acting as a surfactant was adsorbed on the surface of the LM droplets and formed a steric hindrance layer, which can inhibit the reunion of LM droplets (Fig. 2e) . Conversely, the LM droplets can reunite when the steric hinderance was removed due to the breaking of the modified DMF solution layer by external energy in the form of high frequency and low amplitude vibration (Fig. 2f) . Besides, a low amplitude vibration avoided the collision of LM on the beaker wall, and thus the re-dispersion of LM was difficult.
The size of the micro-droplets was controlled mainly by the droplet breakage which was related to the vibration frequency and amplitude. Generally, the droplet breakage depends on the speed of LM relative to the beaker. In the case of low frequency and large amplitude, LM droplets were more likely to experience a collision on the beaker wall, resulting in the dispersion of droplets (Fig. 2e) . The collision force was taken as the main energy source. Only when the energy was large enough, could the crush of the LM droplets occur, thereby dispersing the droplets. Therefore, the ratio between the collision force and interfacial tension is related with the size of the produced LM micro-droplets.
Taking viscosity into consideration, the dimensionless number C a can be used to describe the entire process, as expressed by the formula as follows:
a where μ is the viscosity of the mixed solution and V is the characteristic velocity of LM, and γ is the interfacial tension between LM and the mixed solution. It is known that the size of micro-droplets produced varies inversely with the capillary number. Therefore, tuning the velocity and viscosity is an effective and reasonable method to control the size distribution of LM micro-droplets. In this paper, PVC was added to increase the viscosity for better dispersion. Altering the frequency and amplitude of vibration is equivalent to changing the velocity of droplets striking the beaker wall, which determines the size distribution of the droplets. In order to better describe this phenomenon quantitatively and verify the previous analysis, we carried out an experiment to reveal the relationship between the size distribution of LM droplets and the parameters of the vibration. Experimental results show that the same volume of LM (50 μL) can be dispersed into more LM micro-droplets with the increase of cycle time and vibration times ( Fig. 3 and Table S1 ). Here, cycle time means the total time used for vibration, reflecting the adequacy of vibration. More vibration times in the same cycle time implies the larger frequencies and faster rates, resulting in the larger number of LM micro-droplets according to Equation (1), which is consistent with the experimental results (Fig. 3a) . Besides, we know that the LM will be dispersed during the process of hitting the wall of the beaker every time by the analysis above. Therefore, the number of LM micro-droplets should be exponentially related to vibration times. Based on the analysis, an experiment was carried out as shown in Fig. 3b . By fitting the curve, an exponential relationship between the number of LM micro-droplets and vibration times was confirmed, which implies the rationality of the above analysis. Therefore, the hit played a vital role here in dispersing LM droplets and a proper size distribution of LM could be controlled by the vibration frequency.
Reunion of dispersed LM micro-droplets was achieved by altering the frequency and amplitude of the vibration. The mechanism lying behind was the destruction of the surface solution layer caused by high frequency vibration. Here, the energy for removing a unit area solution layer can be represented by a parameter a, and the energy exerted by high frequency vibration in a unit time is thought as b, which is proportional to the square of vibration frequency. Hence, a formula can be derived, as shown below:
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Here N=3V/πD 3 , which stands for the number of dispersed LM micro-droplets. Besides, b=Af 2 (A is the proportionality constant). V stands for the volume of LM and t means the reunion time. Therefore, the relationship among the reunion time (t), average diameter (D) and frequency (f) could be deduced as follows:
As a result, one can draw a conclusion that the droplet reunion time is inversely proportional to the average diameter and the square of frequency. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   410 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . To verify this analysis, the experiment of LM reunion time with different average diameter in different vibration frequency was implemented (Table S2) . Experimental results show that the reunion process only took milliseconds for LM micro-droplets produced by the same volume of LM (Fig. 4a) , which indicates the high efficiency of the reunion of LM micro-droplets. Moreover, the reunion time is inversely proportional to the average diameter of LM droplets and the square of vibration frequency based on the theoretical analysis, which is also confirmed by our experiments. The results demonstrate that the LM droplets with large size have the fastest reunion speed under high vibration frequency (Fig. 4) , thus proving that reunion efficiency is proportional to collision energy. Furthermore, Fig. 4b and c demonstrate that the reunion time of LM micro-droplets is inversely proportional to the average diameter and the square of vibration frequency.
Hence, the reunion process of LM micro-droplets can be regulated by altering the vibration frequency and the droplet size based on the verified theoretical analysis above. The relationship between reunion speed of LM micro-droplets and vibration frequency was revealed quantitatively, providing more ways to regulate the reunion of LM droplets, which is of great significance for the potential application.
Coating with varied optical properties is widely used to modify the surface [27] [28] [29] . Here, the LM micro-droplet coating was manufactured on the surface of glass. Even if the LM coating has superb opacity and electromagnetic shielding effect, there exists a concern whether dispersed LM micro-droplets can maintain the same properties. For highlight the characteristics of LM micro-droplet coating and demonstrate its potential applications, the differences in optical properties between the LM micro-particle coating and the common LM coating were studied. As shown in Fig. 5 , the absorbance of LM micro-droplets remains above three, comparable to that of the bulk LM in the visible and infrared regions, though the values are slightly lower for the LM micro-droplets. These results indicate that the LM micro-droplets still have excellent opacity and electromagnetic shielding effect to meet the requirements.
The reflectivity (R) of LM coating and LM micro-droplet coating (10 μm) was also tested. The results show that the reflectivity of LM micro-droplet coating is lower than that of LM coating (Fig. 5) , which means that the reflectivity of the coating can be adjusted by controlling the size and proportion of the micro-droplets to meet different requirements for extensive applications. Besides, the LM micro-droplet coating consisting of PVC and LM can avoid the flow of LM due to the occurrence of liquidsolid phase transition of PVC, which is beneficial for the usage in many occasions.
On the other hand, the bulk LM was successfully dispersed into micro-droplets consisting of a LM core and a shell formed from the mixed solution ( Fig. 6a and d) . Based on such core-shell structure that can also be seen in other studies [30] , the self-driven motion of PVC-coated LM droplets was realized on water surface (Fig. 6 ), which is a breakthrough for the transport of LM on the water surface. The mechanism behind the self-driven movement was the Marangoni effect [31] [32] [33] [34] . Interfacial tension gradients play an essential role in the motion.
Experimental results show that self-driven motion took place when the LM micro-droplets were placed on water surface (Movie S1). PVC-coated LM micro-droplets ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   412 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . moved freely on water surface. More specifically, the behaviors of motion were different for different amounts of LM contained in the PVC shell. Self-driven motion on the glass dish took place when few LM (0.02 g) microdroplets were carried by the PVC shell (Fig. 6b) . With the increase of the weight of LM micro-droplets, spin motions tended to occur. As shown in Fig. 6c , PVC shell with 0.04 g LM core spun on the water at an angular velocity of 6.8π s −1 . The angular velocity drops to 2.2π s −1 with the increase in the mass of the LM core (Fig. 6c) . Spin motion clockwise or anticlockwise mainly originated from asymmetric release of DMF solution and the shift of center of gravity.
Interfacial tension gradients in the surrounding solution were the driving forces for the self-driven motion of PVC-coated LM droplets in the present experiment. The interfacial tension gradient was generated surrounding the PVC-coated LM droplets during the release of the DMF in PVC particles. Further, thermal gradients originating from PVC liquid-solid phase transition also contributed to the generation of interfacial tension gradients. Such synergistic effect could enhance the interfacial tension gradient, generating further stronger driving force. Therefore, this movement will continue until the temperature gradient between the droplets and the environment disappears and the chemical surfactant (DMF) in solid is completely consumed.
To observe the temperature gradient more intuitively, infrared images were taken ( Fig. 6d and e) . The colors reflect the temperature gradients in different regions (the temperature from 24.4-31.6°C was recorded in Fig. 6e) . The light and red spheres represent the PVC-coated LM micro-particles, which have a higher temperature than the surrounding water. Here, obvious temperature gradients exist, which is the important reason for the interfacial tension gradients, eventually leading to the selfdriven motion. Besides, the infrared experiment also shows that a light yellow area appeared where the droplets have passed (Fig. 6d) , which proves the successful release of DMF solvent. The interaction effect of the released DMF supported the self-driven motion of PVCcoated LM droplets and drived it to move along the opposite direction. Therefore, PVC-coated LM micro-droplets can move quickly due to the interfacial tension gradients derived from the release of DMF and temperature difference.
CONCLUSION
In summary, a practical and efficient method with portable equipment for manufacturing LM micro-droplets is proposed. The size distribution of the produced microdroplets is controlled by tuning the vibration frequency. Moreover, the controllable switching between dispersion and reunion of LM droplets can be realized by adjusting the frequency and amplitude of the vibration. Besides, two potential applications have been presented. Coating with LM micro-droplets retains good optical properties of LM. The self-driven motion of the PVC-coated LM droplets is realized by utilizing the produced LM microdroplets and thus opens up a new strategy for transporting LM droplets. The present work suggests an entirely feasible method for dispersing and utilizing LM droplets, which is of great significance for promoting the development of LM micro-droplet science and technology.
